We combine kinetic and spectroscopic data to demonstrate the concept of a self-healing catalyst, which effectively eliminates the need for catalyst regeneration. The observed self-healing is triggered by controlling the crystallographic orientation at the catalyst surface.
Catalysts play a key role in reducing environmental pollution, and enabling future alternative energy solutions.
1,2 A key problem for all catalytic processes is catalyst deactivation, which results in a decrease in production efficiency and increased maintenance costs. 3, 4 Normally, catalyst deactivation is addressed by optimizing the composition and particle size of the catalysts. 5 Although this may increase catalyst lifetimes, most catalysts still require periodic off-stream regeneration. 5, 6 It would be beneficial to prolong catalyst lifetimes by developing methods to render the catalyst self-healing while on-stream. For instance, one of the main deactivation mechanisms is the change of the catalyst oxidation state by oxidation or reduction (redox reactions). 7 In the context of catalyst deactivation by oxidation, a self-healing catalyst would be one that actively reduces the oxide as it grows. This approach would preserve the metallic state of the catalyst without separate steps for regeneration.
The goal for such an approach would be to design a highly reducible catalyst that preserves selectivity toward the preferred products but eliminates surface oxidation. This requires tuning the surface redox reaction to favor the reduction of the oxide to the metallic state. For instance, in Fischer-Tropsch synthesis (FTS), the primary reaction involves the hydrogenation of CO and polymerization of hydrocarbons. Water is produced in FTS as a side-product, up to 40 vol% in industrial reactors. [8] [9] [10] [11] Metallic Co is the preferred catalyst for FTS, 12, 13 however, the presence of water has made it difficult to implement Co due to oxidation. [8] [9] [10] [11] The oxidized
Co is usually removed from the reaction stream and regenerated by hydrogen reduction. 14 Thus, tuning the redox reaction to favor reduction of the oxide in situ, would preserve the metallic Co under reaction conditions and constitute a key advance in the field of FTS. The nature of surface redox reactions can be altered by tuning the crystallographic facets exposed at catalyst surfaces. [15] [16] [17] [18] For example, during electro-oxidation of formic acid and ethanol, Pt nanocrystals with high-index {730} surface facets, which contain low coordination number atoms, are more active than low-index, {111} faceted Pt nanospheres. 15 Similarly, water oxidation is more readily catalysed by the (040) surface of BiVO 4 than by (110) surfaces. 19 Another recent report illustrated significant enhancement of surface redox reactions on cobalt oxide nanorods, as compared with cobalt oxide nanoparticles. 20 Cobalt oxide nanorods exhibit {110} facets with both Co 2+ and Co 3+ exposed on the surface. In contrast, the nanoparticles possess {111} and {001} facets where the only surface species is Co 2+ .
20
A similar effect of faceting has been observed for the electrocatalytic oxygen reduction in cobalt oxide nanocatalysts for DMFC. 21 This effect suggests that by carefully selecting the crystallographic planes of Co 3 O 4 exposed at the catalyst surface, the reduction of the catalyst could be promoted, effectively negating oxidation during FTS. [22] [23] [24] [25] [26] Although the aforementioned studies have demonstrated that redox reactions can be tuned by catalyst faceting, the role of this faceting on preserving the catalyst's metallic state has not been explored. 8 Here, we demonstrate the first study of a self-healing catalyst obtained by controlling catalyst crystal faceting using Co nanoparticles and nanorods as proof-of-principle. The origin of the resistance to water oxidation during FTS is illustrated via reactor studies, XPS, and in situ Raman spectroscopy. The Co nanorods and nanoparticles studied were synthesized following literature, 20, 27 and the general morphologies are shown in the transmission electron microscopy (TEM) images, Fig. 1 and The synthesized
Co nanoparticles exhibit particle sizes between 10 nm and 40 nm. The particle sizes of the nanorods and nanoparticles are comparable to the size range (10-210 nm) typically investigated for model FTS catalysts. [28] [29] [30] In this range, the turnover frequency of the Co catalyst does not change with particle size. 31 Both the as-synthesized Co nanorods and the nanoparticles have the Co 3 O 4 spinel structure (PDF 41-1467), as determined by powder X-ray diffraction, see insets in 20 In contrast, the Co nanoparticles exhibit {001} and {111} facets at their surfaces (Fig. 1b) , which is consistent with literature. 20 As stated above this corresponds to distinct distributions of cations being presented at the surfaces of nanorods and nanoparticles. 20, 27 The presence of the different oxidation states of Co on the surface results in substantial differences in the reduction temperature of the respective nanostructures. Temperature programmed reduction Raman spectroscopy (Raman TPR) experiments, Fig. S2 (ESI †), demonstrate that the nanorods are reduced to Co 0 by 533 K, which is approximately 60 K lower than the reduction temperature for the nanoparticles (593 K). The lower reduction temperature of Co 3+ is commensurate with the typical reaction conditions for FTS (473-573 K). 14, 22 This suggests an ability to reverse oxidation of the catalyst during operation. After reduction at 773 K under hydrogen, the Co 3 O 4 nanoparticles and nanorods were reduced to metallic Co, as indicated by XPS measurements (see Fig. S3 , ESI †). The binding energy of Co 2p 3/2 on both Co nanoparticles and nanorods is 777.9 AE 0.3 eV in the XPS profiles, consistent with metallic cobalt (778.2 eV).
32
Following reduction, the FTS activity and selectivity of Co nanoparticles and nanorods were measured at 543 K before and during the addition of water (25 vol%) to the reactant feed. On the nanoparticles, once water was introduced into the feed, the activity and selectivity changed substantially. The conversion of CO increased from 5 AE 1% to 13 AE 3%, the selectivity towards CO 2 increased from about 14 AE 2% to 65 AE 4%, and the selectivity towards C 5+ hydrocarbons decreased from 31 AE 2% to 15 AE 2%, (Fig. 2a) in accordance with literature. [9] [10] [11] The changes in CO 2 and C 5+ selectivity and the CO conversion can be attributed to the oxidation of surface Co 0 . This decreases the activity toward long-chain hydrocarbons, but promotes the water-gas-shift (WGS) reaction to produce CO 2 .
33
The nanorods exhibited CO conversion in excess of 92 AE 4%, at comparable conditions to the nanoparticles (Fig. S4a, ESI †) . No significant change of the FTS behavior was observed for the nanorods after 10 hours on stream in water-rich conditions. The high conversion (415%) may lead to mass and heat transfer limitations. 34 Therefore, the reaction temperature and gas hourly space velocity were varied separately to reduce conversion (Fig. 2b and Fig. S4 , ESI †). For instance, the temperature was lowered from 543 K to 433 K to reduce the CO conversion to 12 AE 2%, the C 5+ selectivity was lowered to 3 AE 1% and the CO 2 selectivity was found to be 40 AE 3%. A table summarizing the results can be found in the ESI. † During reactions for all conditions no change in conversion or selectivity was observed after more than 10 hours of exposure to the water rich reaction conditions, see Fig. 2b . The nanorods were tested at a reaction temperature 100 K below their Raman TPR measured reduction temperature, and still did not exhibit any changes to their catalytic activity during waterenriched FTS. Experiments were also conducted over a 20 h period without any degradation in FTS performance.
To elucidate the mechanism of the observed resistance to oxidation, in situ Raman spectra were taken on both nanorods and nanoparticles. Prior to catalyst activation by hydrogen reduction, both nanorods and nanoparticles exhibited Raman spectra corresponding to Co 3 O 4 , as shown in Fig. S2 (ESI †). 35 After reduction at 773 K, in situ Raman spectra were taken to characterize the phase of the catalyst surface during reactions under FTS conditions and water-rich FTS conditions. As shown in Fig. 3a , dosing the nanoparticles with water-rich syngas at 543 K results in the appearance of a peak located at 591 cm À1 , corresponding to CoOOH an intermediate for the formation of Co 3 O 4 . 36, 37 The intensity of this peak, which is correlated to the amount of CoOOH present on the catalyst, increases steadily with time. This result is consistent with previous observations showing that Co nanoparticles are oxidized by water during FTS, resulting in the observed change in FTS activity shown in Fig. 2a . 38, 39 For the Co nanorods, in contrast, in situ Raman shows (Fig. 3b ) that the formation of CoOOH is limited and reversible at 543 K. In conjunction with the FTS reaction data, the Raman results indicate that the nanorod-based catalyst self-heals during water dosing by reducing the oxide as it is formed.
The mechanism behind the observed difference in the oxidation of the two morphologies can be understood by examining the difference in the reduction potential of the two oxidation states of Co presented at their surfaces. On nanoparticles, only Co 2+ sites, with a reduction potential to the metallic state of À0.28 V (referring to standard hydrogen electrode set as 0 V), will be present at the outermost surface according to the HRTEM images (Fig. 1b) . 40 This corresponds to a positive (54 kJ mol À1 ) Gibbs free energy for hydrogen reduction from Co 2+ to Co 0 , indicating that the reaction is unfavorable. 41 Contrarily, on the Co nanorods, Co 3+ is present on the surface due to the preferential exposing of {110} facets (shown in Fig. 1a) , and the Gibbs free energy of reduction to Co metal is À122 kJ mol À1 (0.42 V). 40 Thus, the reversibility of oxidation on the Co nanorods as observed by in situ Raman spectra, and subsequent insensitivity of activity and selectivity on the nanorods to water dosing, can be attributed to the reduction potential of the Co 3+ species.
In summary, we have demonstrated the concept of novel self-healing catalysts that eliminate the need for periodic regeneration. The self-healing functionality is accomplished by tuning the crystallographic facets exposed on the active catalyst surface. The observed phenomenon is proposed to result from the exposure of {110} surfaces on the nanorods, which present the readily reducible Co 3+ on the surface. The Co 3 cation promotes reduction of the water oxidized catalyst.
The concept of a self-healing catalyst represents an avenue towards extending catalyst lifetimes in many catalytic reactions during which water can oxidize and deactivate the catalysts. For instance, during hydrodeoxygenation of 4-methylphenol on NiMo catalysts, water can oxidize the Ni to nickel oxide and result in a loss of catalytic activity. The results from this work, however, indicate a possible strategy for imparting self-healing properties to the metallic catalyst by using faceting to preferentially expose more readily reducible cations. The work is supported by the South Carolina Center of Economic Excellence for Strategic Approaches to the Generation of Electricity and ORAU under the Ralph E. Powe Junior Faculty Enhancement Award. We acknowledge the support from Dr Briber, and the Maryland NanoCenter and NispLab. The NispLab is supported in part by the NSF as a MRSEC Shared Experimental Facility.
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